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Abstract 
Formation of semiconductor calcium silicide Ca2Si on Si(111)7x7 and 2/3¥3-Mg surface phases and bulk Mg2Si film was studied. 
Conditions of high quality Ca2Si film growth were found. Formation of Ca surface phase was demonstrated at the initial stage of 
Ca2Si film growth on 2/3¥3-Mg surface phase at narrow temperature range. Band gap of this surface phase and 2/3¥3-Mg were 
obtained. 
© 2010 Published by Elsevier B.V. 
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1. Introduction 
Ca2Si is a weakly investigated semiconductor silicide. The band gap of bulk silicide film calculated from 
temperature conductance data was about 1.9 eV [1]. Recent ab initio calculations for orthorhombic Ca2Si have 
resulted in 0.3 eV (DFT-LDA) and 1.02 eV (GWA) [2]. The discrepancy between experimental and theoretical 
values can be resulted from grain effect in studied Ca2Si film [1]. Extra investigations of Ca2Si film formation and 
its optical properties are necessary to obtain the silicide band gap more accurate. The silicide film could be grown 
when Ca atoms are deposited at elevated substrate temperatures on either clean Si or semiconductor magnesium 
silicide (Mg2Si) film grown on silicon [3]. The investigation of formation and optical properties of Ca2Si film grown 
on both Si(111) and Mg2Si/Si(111) substrates was an object of this work.  
2. Experiments 
The samples were grown in ultrahigh vacuum chamber “Varian” with base pressure 1x10-10 Torr. To grow Ca2Si
film Ca atoms were deposited during 30 minutes at substrate temperature (125 oC) (suitable for modern Si 
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technology) on Si(111) (Ca/Si(111) sample) and Mg2Si film (Ca/Mg2Si sample). Ca deposition rate calibrated by 
quartz microbalance was 0.25 nm per minute. Optical properties of film were investigated by differential reflection 
spectroscopy (DRS) during deposition of Ca atoms. To grow Mg2Si film on Si(111) substrate the thick bulk Mg film 
(29 nm) was deposited on substrate at room temperature and then was annealed during 15 minutes at 210oC.
Composition of Ca2Si and Mg2Si films was investigated with Auger electron spectroscopy (AES) and electron 
energy losses spectroscopy (EELS). As-grown samples were ex situ investigated by atomic force microscopy, 
optical and Raman spectroscopy. Electrical measurements were performed in situ on the bare silicon, after the 
formation of 2/3¥3-Mg surface phase (Mg SP) and after deposition of Ca on the SP at various temperatures. The 
phases were also studied with AES and EELS techniques. Optical properties of Mg SP and Ca film grown on this 
surface phase were investigated in situ by DRS. Mg SP was prepared by deposition of 1.5 nm Mg on the substrate 
kept at 150 oC. Ca was evaporated at the rate of 0.3 nm/min. The thickness of the Ca layer was estimated of 1 nm. 
The experimental error of electrical measurements was below 5%. The result of the measurement is an effective 
conductance which includes conductance of the substrate and film itself since the electrical current propagates 
through the film and substrate as well. However, if film is continuous and band gap of phases it consists of low than 
that of substrate, all detected changes are attributed to the film. 
Fig. 1 Spectra of differential reflectance (a) and dependence of differential reflectance on deposition time (b) obtained during Ca deposition at 
125 oC on Mg2Si. 
3. Results and Discussion 
Using DRS technique means the calculation of differential reflectance 'R/R. In this paper we calculate 'R/R by 
formula:  
where R0 and R(t) – reflectance of reference sample before beginning of Ca atoms deposition and after t seconds 
from deposition start, respectively. We used as reference sample a clean Si(111) and Si(111) substrate covered by 
Mg2Si film when Ca atoms deposited on Si(111) and Mg2Si film, respectively. Negative values of 'R/R signify the 
destruction of phase(s) the reference sample consisted of. Positive ones signify the growth of new phase(s). If 'R/R
spectrum contains both positive and negative values, two processes occur. 
Spectra obtained during deposition of Ca atoms on Mg2Si film (Fig.1 (a)) were sorted into 3 groups: 1) t=0–500 
seconds, 2) t=500-1200 seconds, 3) t=1200-1800 seconds. Negative value of 'R/R and nonlinear dependence 
'R/R(t) versus deposition time (Fig.1(b)) were observed for 1-st spectra group. These spectra features mean 
destruction of 2D phase of Mg2Si and nucleation of 3D islands of new phase [4] at the 1-st growth stage of film. In 
2-nd spectra group 'R/R is negative for photon energies E>2.6 eV and positive for smaller ones. Since main 
contributions in bulk Mg2Si film spectrum were observed for photon energies higher than 2.6 eV (Fig.2 (a)), the 
negative value of 'R/R for E>2.6 eV means the destruction of Mg2Si film. There are 3 peaks at 'R/R spectra for 
photon energies smaller than 2.6 eV corresponding to new phase. Their positions (2.11, 2.23 and 2.34 eV) are close 
to values calculated for bulk orthorhombic Ca2Si in [2]. It suggests the new phase is Ca2Si. Because growth of this 
phase and destruction of Mg2Si film occurs at the same time, Ca atoms substitute for Mg ones in Mg2Si during 
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formation of Ca2Si. Position of dominant peak (2.23 eV) is close to that in spectra of Ca2Si(001) [2]. It suggests 
Ca2Si(001) gives main contribution at 2-nd growth stage. All features of 2-nd spectra group are observed at 3-rd one, 
however a peak located at 2.11 eV dominates over other ones. It observed in spectra of Ca2Si(100) [2], therefore this 
Ca2Si crystal growth direction is dominated at 3-rd growth stage. Raman spectrum of this film (Fig.2 (b)) contains Si 
(520 cm-1), Mg2Si (256 cm-1) and one unidentified peaks (360 cm-1). This unknown peak is also observed at Raman 
spectra of Ca/Si(111) sample, which does not contain Mg2Si and ternary compounds, e.g. CaMgSi. Therefore we 
attribute the peak at 360 cm-1 to Ca2Si film. Spectrum 'R/R for Ca film deposited on Si(111)7x7 (Fig.2 (a)) consists 
of broad peak located at 2.13 eV. It suggests formation of strained Ca2Si film. Because value 'R/R for this film is 
lower than for Ca2Si grown on Mg2Si, optical properties of Ca2Si film grown Si(111)7x7 is lower. Spectra EELS of 
this film contains bulk EV and surface ES plasmons of Ca2Si (Fig.3 (b)) and does not those of Si. It means the Ca2Si
film is continuous. Intensity of surface plasmon ES gives information about roughness of film surface: the lower 
intensity, the higher roughness and worse morphology of film. This value for Ca2Si film grown on Mg2Si is much 
lower than for that on Si(111)7x7, therefore roughness of film on Mg2Si is very high. We supposed that morphology 
of Ca2Si film could be better, if Ca atoms would be deposited on smooth surface such as Mg SP. Spectrum EELS we 
obtained for Ca film deposited on this SP (Fig.3 (b)) suggests morphology of this film is better than for Ca2Si grown 
on Si(111)7x7. To find a reason of this improvement of film morphology, we investigated initial stage of Ca film 
growth on Mg SP. In this case value 'R/R is low (Fig.2 (a)) and dependence 'R/R(t) is linear (Fig.3 (a)). It means 
that formation of Ca SP occurs. This SP makes main contribution to formation of high quality Ca2Si film. To find 
temperature region in which this method of Ca2Si film growth is efficient, electrical measurements were performed 
at different temperatures. Linear region of dependence of logarithm of effective conductance on the reversed 
temperature (Fig.4 (a)) was used for obtaining band gap Eg.
Band gap calculated for Ca film grown at 100 oC equals that of substrate (Fig.4 (b)). It means current propagates 
only through substrate, i.e. the film is not continuous. We suggest Mg SP is destroyed during Ca film formation at 
100 oC.  The film grown on Mg SP at 125 oC has higher conductivity (+15% vs. Si) and effective mobility (449 
cm2/V-1s-1), therefore its quality is high, roughness is low. Because band gap obtained for the film is lower than that 
of Mg SP and Ca2Si film we grew at higher temperatures (Fig.4 (b)), value 0.9 eV is band gap of Ca SP grown atop.  
Fig. 2 (a) Spectra of differential reflectance of Mg2Si (bulk Mg2Si), Mg surface phase (Mg SP), Ca film deposited at 125 oC on this surface phase 
(Ca/Mg SP) and Si(111)7x7 (Ca/Si(111)) . (b)  Raman spectra as-grown samples. 
Fig. 3 (a) Dependence of differential reflectance on deposition time obtained during Ca deposition at 125 oC on Mg surface phase. (b) Spectra of 
EELS of Si, Mg2Si, Ca film deposited at 125 oC on this silicide (Ca/Mg2Si), Mg surface phase (Ca/Mg SP) and Si(111)7x7 (Ca/Si(111)). 
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 We suggest Ca SP produces narrow empty band in forbidden band, top levels of Ca SP band are located in 
bottom of conduction band of Si and so effective band gap is reduced up to 0.9 eV. Band gap of film prepared at 150 
and 200 oC is close to value calculated for Ca2Si in [2] (Fig.4 (b)). It proves growth of Ca2Si film in these conditions. 
Roughness of the film is high, because both its conductance (-7% and -8% vs. Si respectively) and effective mobility 
(372 and 317 cm2/V-1s-1 respectively vs. PSi=437 cm2/V-1s-1) at room temperature (RT) is lower. Rate of Mg atoms 
desorption is considerable at these temperatures [5], therefore we suggest Mg atoms are quickly desorbed from Mg 
SP, it results in formation of disordered Si layers, Ca atoms are deposited on these layers and so low quality Ca2Si
film grows. Because rate of Mg atoms desorption at 150 oC is lower than that at 200 oC, there is small area of Mg SP 
covered by Ca SP at 150 oC. Therefore effective band gap of the film grown at 150 oC is lower band gap of Ca2Si
and higher that of Ca SP. When temperature is 200 oC, rate of Mg atoms desorption is high and so only Ca2Si film 
grows. Therefore we suggest the band gap of Ca2Si is 1.02 eV.  
Fig. 4 (a) Logarithm of effective conductance vs. reverse temperature measured on the bare silicon (substrate), on the 2/3¥3-Mg surface phase 
(Mg SP) and after deposition of Ca on the Mg SP at various temperatures. (b) The calculated band gap of grown film and model of growth 
obtained at various temperatures. The dashed lines show band gap of Ca2Si [2], Mg surface phase (Mg SP) and Si. 
4. Conclusions
When Ca atoms are deposited on Mg2Si at 125oC, formation of Ca2Si nuclei by substituting of Ca atoms on Mg 
ones in 2D phase of Mg2Si occurs (0-2.08 nm), then Ca atoms substitute for Mg ones in Mg2Si crystals and Ca2Si 
crystals grow (2.08-7.5 nm). To grow high quality Ca2Si film, Ca atoms must be deposited on Mg SP at 125oC. This 
method is efficient in narrow temperature range. If Ca atoms are deposited at lower temperatures, Mg SP is 
destroyed and Ca2Si film is not continuous. At higher temperatures Mg atoms desorb form Mg SP, formation of 
disordered Si layers occurs and Ca atoms are deposited on these layers, therefore quality of Ca2Si film is low. We 
found band gap of Ca2Si is 1.02 eV. 
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